Helicobacter pylori colonizes the stomach of half of the world's population, causing a wide spectrum of disease ranging from asymptomatic gastritis to ulcers to gastric cancer. Although the basis for these diverse clinical outcomes is not understood, more severe disease is associated with strains harboring a pathogenicity island. To characterize the genetic diversity of more and less virulent strains, we examined the genomic content of 15 H. pylori clinical isolates by using a whole genome H. pylori DNA microarray. We found that a full 22% of H. pylori genes are dispensable in one or more strains, thus defining a minimal functional core of 1281 H. pylori genes. While the core genes encode most metabolic and cellular processes, the strain-specific genes include genes unique to H. pylori, restriction modification genes, transposases, and genes encoding cell surface proteins, which may aid the bacteria under specific circumstances during their long-term infection of genetically diverse hosts. We observed distinct patterns of the strainspecific gene distribution along the chromosome, which may result from different mechanisms of gene acquisition and loss. Among the strain-specific genes, we have found a class of candidate virulence genes identified by their coinheritance with the pathogenicity island.
H
elicobacter pylori is a highly host-adapted bacterial pathogen that establishes a chronic infection in the human stomach and has no known animal or environmental reservoirs (1) . Epidemiological and serological studies have revealed that H. pylori strains containing the CagA protein are associated with more severe disease (2) and harbor a 40-kb pathogenicity island (PAI) (3, 4) . The PAI encodes a bacterial type IV secretory system that secretes and translocates the CagA protein into host cells (5) (6) (7) (8) , where it is phosphorylated by a host-cell kinase and causes morphological changes (7) . The PAI also induces IL-8 production by host cells independent of the CagA protein (9 -11) . Efforts to classify H. pylori strains further by DNA fingerprinting uncovered extensive diversity (12, 13) . The sequencing of two H. pylori genomes from independent strains, both containing the PAI, revealed that much of this diversity is silent at the amino acid level and thus at the functional gene level (14, 15 ). Here we used a H. pylori DNA microarray to examine the genomic composition of H. pylori clinical isolates containing and lacking the PAI at the level of individual genes to characterize the extent of genetic diversity between strains and to search for new candidate virulence determinants.
Materials and Methods
PCR Primer Design. The elements of our microarray consisted of large (mean size, 817 base pairs; 10th percentile, 130 base pairs; 90th percentile, 1,967 base pairs) DNA fragments corresponding to unique segments of individual open reading frames (ORFs). These fragments were generated by PCRs using gene-specific primers. We aimed to include in our array the superset of ORFs from both published genomes. When an ORF was present in both J99 and 26695, we arbitrarily chose 26695 as the reference strain, designing PCR primers from its published sequence and using its genomic DNA as a template in the amplifications. Strain J99 provided the sequence and template DNA for the PCRs of the 91 ORFs present only in that strain.
PCR primers were designed by using a modified version of the program WEB PRIMER (a kind gift of Paul Spellman, Charles Scafe, and David Botstein, Stanford University). This program takes a list of ORF coordinates provided by the user and generates primer pairs for each satisfying user-determined parameter (maximum cross-and self-annealing scores, optimum melting temperatures, minimum distance from start and stop sites). To ensure that the elements of our array would detect specifically their corresponding genes and no others, the ORF coordinates fed into the primer program were circumscribed such that they would exclude regions of any ORF with high crosshomology to other regions of the genome. Such regions were identified by using BLAST_SUMMARY.PL, a program that parses the results of a gapped National Center for Biotechnology Information BLAST search into a tab-delimited file and generates a homology score, M, for each match:
where P is the percent identity, and L is the length (in base pairs) of the match. For each ORF, the coordinates defining the largest contiguous region not containing a sequence with an M score greater than 50 (roughly equivalent to 50 base pairs of 100% identity) and not overlapping an adjacent ORF were used as inputs for the primer program. We were unable to define unique regions for the 16 different transposase genes, so these were each spotted onto the array. These transposase spots would be expected to cross-hybridize with other transposase gene sequences.
PCR. Primer pairs were grouped by similar melting temperatures and synthesized in 96-well plates (SigmaGenosys, The Woodlands, TX). To improve amplification yield, universal 13-bp sequences were incorporated into the 5Ј ends of each primer. Each upstream primer (gene relative) contained the sequence CCTGGTCGACTGC, and each downstream primer, CCAC-CTCGAGCAC. PCRs were performed in two rounds, the second being a repeat of reactions that failed in the first, under less stringent magnesium and temperature conditions. In the first round, reactions (70 l) consisted of the following: 5-7 ng of genomic DNA, 30 mM Tricine (pH 8. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
followed by 30 rounds of 30 seconds at 94°C, 30 seconds at the annealing temperature, and 4 min at 72°C, followed by one round of 10 min at 72°C. Annealing temperatures were equal to the lowest melting temperature for the primers in a given plate (range: 50-56°C). For round 2, the annealing temperatures were reduced to 50°C for all primer pairs and magnesium concentrations increased to 2.5 mM. Amplification success was checked visually after agarose gel electrophorisis for intensity and correct size. The success rate was 85.2% after these rounds. At this point, primers that failed to yield products were redesigned, and two more rounds of amplification were attempted. After this redesign, 98.9% of all ORFs (1,660͞1,681) were successfully amplified.
Array Printing. All steps of PCR product precipitation, resuspension and dilution, glass slide preparation, printing, and processing after printing were performed as described (16) . The final array contained 1,660 unique sequences printed twice.
Bacterial Strains and Growth. H. pylori were obtained from frozen stocks and grown on solid media on horse-blood plates containing 4% Columbia agar base (Oxoid, Hampshire, U.K.), 5% defibrinated horse blood (HemoStat Labs, Dixon, CA), 0.2% ␤-cyclodextrin (Sigma), 10 g͞ml vancomycin (Sigma), 5 g͞ml cefsulodin (Sigma), 2.5 units͞ml polymyxin B (Sigma), 50 g͞ml cyclohexamide (Sigma), 5 g͞ml trimethoprim (Sigma), and 8 g͞ml amphotericin B (Sigma) under microaerobic conditions at 37°C. A microaerobic atmosphere was generated either by using a CampyGen sachet (Oxoid) in a gas pack jar or by incubation in an incubator equilibrated with 10% CO 2 and 90% air. All strains were obtained from the sources indicated except strains AR32 and H34, which were clinical isolates from patients undergoing endoscopy at Stanford Hospital obtained from J. Parsonnet, Stanford University. unknown, H. pylori specific strain-specific (210͞56%) core (267͞21%); metabolism and biosynthesis, excluding DNA metabolism, strain-specific (11͞3%) core (410͞32%) strain specific; unknown, conserved strain-specific (27͞7%) core (205͞16%); cell envelope, excluding OMP and lipopolysaccharide (LPS), strain-specific (0͞0%) core (157͞12%); DNA metabolism, strain-specific (8͞ 2%) core (54͞4%); cellular process, strain-specific (1͞0.3%) core (55͞4%); restriction modification, strain-specific (38͞10%) core (14͞1%); OMP, strainspecific (9͞2%) core (42͞3%); regulatory function, strain-specific (0͞0%) core (38͞3%); LPS biosynthesis, strain-specific (7͞2%) core (29͞2%); PAI, unknown function, strain-specific (20͞6%) core (0͞0%); type IV secretion and conjugation, strain-specific (12͞3%) core (6͞0.5%); transposase, strain-specific (16͞ 4%) core (0͞0%); other, strain-specific (3͞0.8%) core (4͞0.3%). 
Determination of Gene Content of Strains and Data Analysis.
For each test strain, we computed the geometric mean of the normalized red͞green (R͞G) ratio by using data from two to three arrays yielding two to six readings per gene (each array contains two spots for each gene). Spots were excluded because of slide abnormalities or low signal (Ͻ100 arbitrary units in the green channel). We chose a cutoff for the normalized R͞G ratio Ͻ0.5 for the absence of a gene based on test hybridizations of strain 26695 and J99 vs. the reference sample (an equimolar ratio of 26695 and J99 DNA). We predicted the hybridization results on the basis of our modified annotation of the two sequenced strains where we designated genes common to both strains if they had greater than 85% identity to the other genome over 60% of their length (14 sequences from J99 and 53 sequences from 26695 were reassigned from strain specific to common). With this cutoff, we had 0% false positives (0͞73) and 1% false negatives (15͞1,570) for 26695 and 7% false positives (7͞105) and 2% false negatives (32͞1,570) for J99. As expected, strain 26695 gave a lower error rate because its sequence was used to design the majority of the spots on the array. Genes with readings in fewer than 12 strains (80%) were excluded from the analysis, leaving 1,643 genes in our data set. The data were simplified into a binary score (gene present in a given strains ϭ 1, absent ϭ 0) and analyzed by average hierarchical clustering by using the CLUSTER program and displayed by using the TREEVIEW program (http:͞͞ www.microarrays.org͞software.html; ref. 17) . The complete data set used is available (see supplemental data at www.pnas.org). To assign the homology classes of the genes, BLAST searches of the nonredundant database (GenBank) were performed for the amino acid sequences of all ORFs on the array. Previous annotations were used for genes of known function (14, 15) . Those with unknown function were termed ''conserved'' if they had a match in the database with a P value Ͻ10 Ϫ10 . Covariance was calculated by computing the absolute difference between the binary score for gene M vs. gene N for strain S (⌬ score). The covariance index for gene M vs. gene N was calculated as 1 Ϫ [sum(⌬ score for strains 1-15)͞number of strains assayed]. 
Results and Discussion
Comparison of the two H. pylori genome sequences reveals that, whereas most of the genes are highly conserved between the two strains (26695 and J99), approximately 6% of the genes in each genome are not found in the other (14, 18, 19) . We constructed an H. pylori DNA microarray containing 98% of the ORFs of both sequenced strains. Care was taken in PCR primer design to avoid amplifying regions in a given gene with cross-homology to other genes in the genome. This allowed us, for example, to distinguish the individual genes encoding members of a highly conserved outer membrane protein family by their unique 3Ј sequences. The final array contained 1,660 unique sequences printed twice. To test the discriminatory power of our arrays, we hybridized them with genomic DNA from 26695 and J99. We could detect the presence of the strain-specific genes with 98% specificity and 96% sensitivity. We examined the extent of genetic diversity among H. pylori strains by analyzing the genome composition of 15 strains (Table  1) . Our experimental design for whole-genome scanning was to perform comparative hybridizations between a Cy3-labeled reference mixture of genomic DNA from the two sequenced strains-J99 and 26695-and Cy5-labeled genomic DNA of the strain being tested. Of the 1,643 genes analyzed, 1,281 were common to all strains, representing the functional core of the proteome. In contrast, 362 (22%) were missing from at least one strain (strain-specific genes), including 184 genes previously identified in both sequenced strains, thus doubling the number of H. pylori strain-specific genes. These strain-specific genes may represent those with redundant functions required for specific niches or whose DNA sequences vary so much between strains they cannot be detected under our hybridization conditions. To estimate how well our data set approximated the number of genes in the functional core, we randomly generated 50 independent groups of strains of size 1-15, and the average number of strain-specific genes was calculated as a function of the number of strains. The rate of increase of strain-specific genes could be approximated as an exponentially decreasing function that fell below the level of the number of false negatives at seven strains. In addition to the core 1,281 genes, each strain contained 168-275 strain-specific genes, thus at least 12-18% of each strain's genome was composed of strain-specific genes (Table 1) . Strains likely contain other strain-specific genes not present in the 26695 and J99 sequences and thus not represented on the array.
The H. pylori functional core contained most of the genes encoding metabolic, biosynthetic, cellular, and regulatory functions (Fig. 1) . The most abundant class of strain-specific genes was unique to H. pylori with no known function and were enriched among the strain-specific genes (58%) vs. the core genes (21%). In contrast, genes of unknown function but with homology to other bacterial genes were enriched in the functional core (16%) vs. the strain-specific genes (7%). The homologies of other classes of strain-specific genes implied functions that may aid the bacterium under certain circumstances or in certain hosts. For example, one strain-specific gene was the babA outer-membrane protein (OMP), which encodes an adhesion for the Lewis B antigen present on gastric tissue of some individuals (20) . Eight additional OMP genes and seven lipopolysaccharide synthesis genes were among the strain-specific genes. The two largest classes of strain-specific genes with known function (restriction modification system components and transposase genes) encoded genes that regulate DNA exchange among bacteria and may promote the genetic diversification of H. pylori (21, 22) . The remaining strain-specific genes include three virB4 homologues and a traG homologue, both ATPases involved in assembly of type IV secretion structures, and three topoisomerases.
Because gene order is largely conserved between the two sequenced strains (14), we examined the pattern of strainspecific genes ordered along an H. pylori chromosome map (Fig.  2a) . Many of the strain-specific genes were found in two large regions, the PAI and the plasticity zone (PZ), which were previously noted because of their different G ϩ C content, a hallmark of horizontally acquired sequences (14, 15, 23) . Our analysis suggested that the PAI is largely inherited as a single block of 27 genes, although one strain contained only 2 PAI genes and another, 7 PAI genes. In contrast, the PZ appears highly mosaic and contains multiple transposases and endonucleases, suggesting that it is a site of extensive insertion, excision, and recombination. Whereas the majority of the 26695 and J99 strain-specific genes were located in the PZ, we found two-thirds of all of the strain-specific genes distributed elsewhere in the chromosome in smaller tracts of 1 to 8 genes. The homologies of the genes found in these smaller tracts correlated with the size of the locus (Table 2) . For example, whereas most of the OMPs and lipopolysaccharide biosynthesis strain-specific genes were flanked by conserved genes, the restriction modification genes, some of which have been postulated to behave as selfish operons (24), were found most often in cassettes of two to seven genes. All of the transposases were found within larger tracts of strain-specific genes (more than three), suggesting they ferry additional genes when they insert into a genome. LPS, lipopolysaccharide. *The locus size refers to the number of adjacent strain-specific genes. Not all genes in a given locus may be missing in any given strain.
Evolutionary pressures select for the coinheritance of genes involved in common pathways, thus identification of covarying genes can reveal functional relationships not evident from sequence alone (25) . We therefore used a hierarchical clustering program (17) to generate a dendogram of genes based on their patterns of absence and presence across the strains to detect such functional groups. Although the majority of gene clusters lacked informative homologies, the 27 PAI genes, which together secrete and deliver at least one bacterial protein to host cells, clustered together with a Pearson correlation coefficient Ͼ0.75 by this analysis (Fig. 3) . Interestingly, seven additional genes located elsewhere in the chromosome clustered with the PAI genes, including two OMPS: omp27 and babA. We independently calculated a covariance index (CI) for all of the strainspecific genes with each other across the 15 strains (see Materials and Methods). Averaging the CI values for the PAI genes identified 10 genes that covary with the PAI genes (CI ave Ͼ 0.8) (Table 3) , including the 7 genes that cocluster in Fig. 3 . The BabA adhesin is a known virulence factor previously shown to covary with the PAI (20) , and it is correlated with disease severity (26) . The other nine genes represent new potential virulence factors that may modulate PAI functions, such as induction of IL-8 production by host cells, or act synergistically with the PAI to cause bacterial persistence or disease. Four genes had low values (CI ave Ͻ 0.2; Table 3 ), indicating they are infrequently present with the PAI. Two of these genes have homologies to restriction modification genes and may function directly or indirectly to prevent acquisition of the PAI.
We also used hierarchical clustering to explore the relationship of the different strains based on their gene complement (Fig. 3) . Although the strains fell into distinct groups in the dendogram, the small sample size and lack of clinical information for many of the strains did not allow us to correlate these groups with particular disease outcomes or geographic origin. Previous H. pylori strain typing has been based on the presence of the CagA gene in the PAI. We found that PAI-lacking strains were not more related to each other than to PAI-containing strains, suggesting that the PAI does not define an evolutionary lineage. This finding, as well as the lack of mosaicism in the PAI (Fig. 2) , is consistent with observations of the loss of the PAI in Fig. 3 . Cluster analysis of PAI genes. The subset of 362 strain-specific genes was used to generate a dendogram of both the strains and the genes based on the presence or absence of genes. The strains and genes were grouped by average hierarchical clustering using the CLUSTER program and the output displayed using the TREEVIEW program. The portion of the cluster containing the PAI genes is shown where the presence (blue) or absence (yellow) of genes is indicated. Genes within the PAI (purple) and genes with homology to OMPs (blue), restriction modification genes (green), or no homology (black) are indicated. (Left) Dendogram of genes that cocluster with the PAI genes, with the Pearson correlation coefficients. Above the cluster is the dendogram of H. pylori strains, based on all strain-specific genes, with the Pearson correlation coefficients. The entire cluster is available as Table 4 , which is published as supplemental data on the PNAS web site www.pnas.org. a subpopulation of bacteria isolated from a single infected individual (27) . H. pylori can reside for decades in the exclusive niche of the human stomach with few competing resident bacteria, where it can diversify as a population, mutate, excise sequences, and sample the genetic material of transient superinfecting H. pylori strains and other bacteria (12, 28) . H. pylori has a small genome (1.7 Mb) with a paucity of transcriptional regulators. Our analysis reveals a conserved core of 1,281 genes and an additional 362 strain-specific genes that compose up to 18% of a given strain's genome. Although our experimental system was able to approximate the number of core genes, it certainly underestimated the number of strain-specific genes, as our microarray contains only genes present in at least one of the sequenced strains. The strain-specific genes may encode adaptations to genetically diverse hosts or factors contributing to different disease outcomes. Examination of their distribution along the chromosome indicated that H. pylori uses multiple mechanisms of gene acquisition and loss that may contribute to its phenotypic diversity. Finally, our analysis of strain-specific gene covariance allowed us to identify candidate virulence genes coinherited with the PAI that can now be tested for modulation of PAI activity in cellular assays and for their role during infection of animal models. Extension of this analysis to larger strain collections from case-controlled studies should uncover further nuances of H. pylori's genetic program that are important for specific disease outcomes.
